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We present an integrated computational framework for building digital twins of the ocean
around a single differentiable modeling core. The core supports several coupled modes of
operation: high-resolution, high-fidelity simulations that resolve ocean dynamics explicitly
and low-resolution, parameterized models in which unresolved processes are represented by
learned closures, implemented as neural operators trained online against the high-fidelity
solutions. Because the hybrid data assimilation-machine learning framework is differentiable,
these parameterizations are learned end-to-end and updated concurrently with the
simulations they inform, allowing the coarse model to inherit dynamical consistency from its
high-fidelity counterpart without a separate offline calibration stage. The framework is
complemented by computationally efficient emulators trained on the high-fidelity model to
further accelerate ensemble generation, uncertainty quantification, and scenario exploration
(WHAT-IF experiments).

All components, the high-fidelity and parameterized simulation models, the online-trained
neural operators, and the Sobolev-trained emulators, are automatically differentiable end-to-
end and portable across heterogeneous HPC hardware, including GPUs, CPUs, and TPUs,
using automatic compiler transpilation tools. This design allows a single codebase to move
fluidly between resolutions and fidelities and to run efficiently across the diverse compute
architectures found in modern, Al-puposed HPC and cloud environments. It is making
accessible a vast range of compute systems and providing an efficient path toward
operational, sensitivity-informed, data-driven digital twins of the ocean.
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